Objective To evaluate the clinical, functional and aesthetic outcomes for radial forearm free flap (RFFF) donor sites covered with amniotic membrane (AM). Material and methods The healing process of patients with RFFF donor sites covered with AM was prospectively followed for 1 year. Additionally at the 12-month evaluation, objective scoring systems were used to assess the aesthetic (Vancouver scar scale, VSS: range 1-13) and functional outcome (skin sensibility, hand/wrist functionality [goniometer], grip strength [score 1 = excellent, 5 = poor]). By using a subjective rating system (score 1 = excellent, 5 = poor), the patient-reported aesthetic and functionality outcome was correlated with objective data analysis.
Introduction
The radial forearm flap (RFFF) initially introduced in 1981 by Yang et al. [1] has become a standard free flap procedure covering defects in head and neck tumour surgery and also represents one of the most commonly used flaps in plastic and reconstructive surgery [2] [3] [4] [5] . The beneficial effects of the flap characteristics such as pliability, thinness, mostly hairless skin, large diameter, long and constant vascular pedicle, and low bulk allow repair of complex three-dimensional defects [6] [7] [8] [9] . However, despite the excellent results for their primary use in defect reconstruction, radial donor site morbidity continues to represent a particular problem which needs to be further addressed for improving overall clinical patient-related outcome [10, 11] .
Although several different skin closure methods for improving the functional and aesthetic outcome of the forearm donor site have been described in detail, the split-thickness skin graft (STSG) continues to be the predominantly used one for covering the radial forearm defect [10, 12, 13] . However, wound healing defects and skin graft loss as well as tendon adhesion resulting in reduced motion and cosmetic discomfort have been reported with the use of split-thickness skin grafts [8, 10, 13] . In addition, radial forearm defects may also be repaired with a full-thickness skin graft (FTSG) and can also be closed primarily resulting in minimal morbidity [14] [15] [16] [17] [18] . Alternatively, the defect may be repaired using an acellular human dermal skin matrix, although prolonged healing periods must be anticipated in such cases [19] [20] [21] [22] .
Several publications discussing soft tissue and wound covering procedures have also described the use of an amniotic membrane associated with high clinical success rates for various indications [23] [24] [25] . Thus, separate studies of Rohleder et al. [26] and Kesting et al. [27] have described the clinical use of amniotic membrane for repairing oral defects and/or oroantral communications with excellent outcome. In addition, successful and effective use of amniotic membrane has also been reported as graft material in vestibuloplasty as well as for the treatment of burns [28] [29] [30] . A beneficial effect of amniotic membrane may be assumed as it provides for a reservoir of growth factors and cytokines and is known to modulate inflammation and enhance the healing process [31] . In addition, amniotic membrane is also described to show antimicrobial, antifibrotic and antiscarring properties [31] .
When considering coverage of the forearm defect following radial flap elevation, the use of amniotic membrane may represent an alternative tool for the various methods for donor site closure already described. Amniotic membrane shows almost unrestricted availability and permits donor site coverage regardless of wound size dimensions [25, 31, 32] . Moreover, a gliding surface between the underlying structures, e.g. paratenon or nerves, provides for an additional beneficial effect of amniotic membrane by avoiding complications of adhesion [31, 32] . However, although the beneficial properties of the amniotic membrane have been described and demonstrated in several studies in oral and maxillofacial surgery, there is a lack of information regarding its use in covering radial donor sites after radial forearm flap elevation in detail [27, 29] .
Thus, the aim of this prospective follow-up study was (1) to evaluate the clinical outcome of forearm flap coverage of the donor site using amniotic membrane and also (2) to evaluate the aesthetic appearance as well as aspects of hand/wrist functionality following of radial forearm flap elevation covered by amniotic membrane from the perspective of patients and clinicians.
Material and methods

Study design/patients
The study was designed as a prospective 12-month follow-up study for 23 patients with RFFF and subsequent forearm defect closure using an amniotic membrane. During the period between January 2011 and March 2012 patient included underwent primary tumour resection combined with unilateral or bilateral neck dissection and oral defect reconstruction using RFFF. Exclusion criteria comprised preoperative disabilities at the donor site extremity, minor age and patients with coagulation disorders. The charts of patients at the Department of Oral & Maxillofacial Surgery at the University Hospital of Linz, Austria, having undergone radial forearm free flap (RFFF) elevation were additionally reviewed for demographic patient data. Clinical details including age, gender, body mass index (BMI), tumour characteristics, flap size elevated, and presence of systemic comorbidities (diabetes, nicotine abuse, toxic nutritional disease or cardiovascular disease with concomitant antihypertensive therapy) can be found in Table 1 .
Each patient included was given a detailed description of the procedure and signed an informed consent document prior to participation in the follow-up program. The anonymity of the patients' data was ensured by the use of decipherable 
Surgical technique
Radial forearm free flap elevation
Patients underwent RFFF elevation in a subfascial plane preferably from the non-dominant arm. The Allen test was performed preoperatively and the flap was outlined according to the size of the defect. Dissection was started from the ulnar side and deepened towards the radial artery. Special attention was given to leaving the paratenon of the flexor tendons intact. The donor site was then partly downsized by primary closure of the defect and on the residual defect site wound dressing was done with Melolin/Solvaline (Smith and Nephew; Bristol UK/Lohmann and Rauscher). The downsized wound was measured (width/length: cm) and dressing was changed daily until tendons were covered by granulation tissue. (Fig. 1 ).
Donor site coverage-processing of amniotic membrane
In an average of 31 days after radial forearm flap elevation, the granulation tissue was covered with amniotic membrane in a second surgical procedure ( Fig. 2 ). Covering tissue was fixed with stitches and a tie-over dressing was applied. Change of the wound dressing was done for 3-4 weeks until complete healing had been achieved. Complete healing was assessed by subjective evaluation and defined as restauration of sustained functional and anatomic continuity similarly described in previous studies [33, 34] . The amniotic membrane had been obtained from healthy mothers who had provided their informed consent for further use. The AM was collected from the placenta in the course of a Caesarean section. Processing was done at the Linz Blood Bank. In compliance with the Austrian Tissue Safety Act, Ringer's solution at a temperature of 4°C and BASE 128 (Fa. Alchimia). At the laboratory, blunt separation of the amniotic membrane from the placenta was done. The seronegative AM was placed on a carrier (Sugi) and was available at different sizes (e.g. 3 × 3 cm, 3 × 2 cm and 8 × 8 cm). A cryomedium (RPMI, 10% human albumin; 10% DMSO) was used for preservation at a temperature of − 80°C. Prior to application the membrane was thawed in a water bath at 37°C and then rinsed using isotonic saline.
Clinical analysis
Patients included were enrolled in a regular prospective follow-up program with monthly recalls during the first 3 months and scheduled appointments for the 6-, 9- 
Outcome measures
The primary outcome measures during the first year of evaluation assessed the clinical outcome of the defect closure process and included the following: [35, 36] . The subjective patient-based outcomes evaluated the subjective aesthetic and functional outcome using appropriate questionnaires. In addition, patient-related risk factors such as age, gender, body mass index, smoking status, diabetes mellitus, alcohol consumption, antihypertensive therapy (AHT), immunotherapy, and hypothyroidism were assed in a multivariate regression model for affecting the aesthetic outcome (VSS).
Clinician-based aesthetic and functional outcome
(1) For the clinician-based aesthetic evaluations, scar scale quality was determined using the modified Vancouver scar scale (VSS). This version of the modified VSS assesses the four different subgroups of pigmentation, vascularity, pliability, and height as described in previous studies [35, 36] . All scars were photographically documented, and the VSS rating of the defect area was provided by 2 independent, blinded assessors (H.S.; K.G.) not involved in the surgical procedure. The subgroups rated comprise the following items:
-Vascularity was rated as normal (score 0), pink (score 1), red (score 2) or purple (score 3). -Pigmentation was rated normal, hypo-or hyperpigmentation (scores 0, 1, 2). -Scar pliability was measured using the pinch test for a skin fold located 1 cm from the lateral and 1 cm from the medial border being lifted and its height measured. The value obtained was divided by two. A value of 5 mm or greater represented good tissue laxity including the ability to separate the skin from underlying structures and border and measuring its height. A value of > 7 mm or greater represented good tissue laxity including the ability to separate the skin from underlying structures (score 1); a tissue laxity of > 5-7 mm height was rated as good (score 2), a height of > 3-5 mm was rated as moderate tissue laxity (score 3), > 1-3 mm was rated as acceptable (score 4), and 0 mm as non-acceptable (score 5) -Scar height was defined as flat-normal = score 0; < 2 mm = score 1; > 2 mm to < 5 mm = score 2; or > 5 mm = score 3.
The scores in the modified VSS for the defect area rated ranged from 1 to 13. The lowest possible score on this scale indicating the best scar quality, i.e. the quality of healthy skin, is 1; the highest score is 13 (worst rating). All VSS data evaluated at the 12-month follow-up by the two observers were compared for interobserver variability. Each sub-score of the VSS scale was analysed individually and were summarised to a total score.
(2) Sensibility was determined by two-point discrimination (2PD) at the center of the scar [33, 35] . A 2PD of 30 mm or less was rated as positive (score 0) and the sensibility determined to be intact. 2PD > 30 mm was rated as negative (score 1). (3) Active range of motion (AROM) of the wrist with respect to palmar and dorsal extension/flexion was determined, and the non-operated side was used as a control. Active range of motion was measured with a goniometer, and when a difference of more than 10°was noticed between operated side and control, this was classified as pathologic [35, 37] . The different ranges of motion measurements were as follows:
Flexion/extension: The forearm was placed on a flat underlay with free mobility of the wrist. One wing of the goniometer was placed to the ulnar the other was placed to the metacarpus. Pronation/supination: The forearm was placed on a flat underlay with 90°in the cubital joint and 0°in the wrist. Wrist, cubital joint and shoulder joint are positioned on one straight line. For supination, the goniometer was placed just medial to the ulnar styloid process. For pronation the goniometer was placed just lateral to the radial styloid process.
(4) Grip strength of hand/thumb was assessed by having the patient squeeze the examiner's hands while applying the maximum possible force. Pinch or grip strength of the healthy collateral side was defined as possible maximum power to be achieved. Results were measured by establishing a scale from 0 to 5 according to the Medical Research Council (modified) scale for muscle strength in which the patient's effort is classified as follows: score 1 (normal muscle contraction against full resistance); score 2 (reduced muscle strength against resistance); score 3 (hardly any resistance detected against observer's contraction); score 4 (fasciculation observed in the muscle); score 5 (no movement observed). (5) Sensibility of the thumb was assessed by two-point discrimination (2PD) at the dorsal part of the thumb. A 2PD of 30 mm or less was rated as normaesthesia. 2PD > 30 mm was rated as hypaesthesia.
Patient-based aesthetic/functional outcome-patient questionnaires
Using a patient questionnaire with a visual analogue scale (VAS), the donor site was assessed with regard to patient's satisfaction with the aesthetic outcome and with their wrist/ hand functionality [35, 38] .
-The aesthetic and functional result was rated by the patients at the time of the evaluation on a scale ranging from one to five based on following categories: 1, very satisfied; 2, rather satisfied; 3, neither satisfied nor dissatisfied; 4, somewhat dissatisfied; 5, very dissatisfied. -Functionality of the hand, i.e. movement, was assessed using a rating score ranging from 1 to 5 (1 = excellent, 2 = good; 3 = average, 4 = reduced, 5 = severely impaired).
Statistical analysis
The parameters were recorded in descriptive statistical manner, tabulated and evaluated. 
Results
Clinical findings-dropouts
Twenty-three patients could be followed for 6 months postoperatively, and 21 (91.3%) patients had continuous follow-up for 12 months. Two patients were lost to follow-up during the period of 6 to 12 months due to death and patient immobility (12-month dropout rate, 8.7%).
For all patients included (n = 23) after amniotic membrane application, the radial donor-site defect ranging from 5 cm (width) to 7 cm (length) healed without problems in 17 (73.9%) patients ( Table 2 ) within 3 months. During the healing period, epithelial migration was noticed over the amniotic membrane graft from the adjacent normal skin towards the center of the donor site defect (Figs. 3 and 4 ). For all patients included, complete defect healing was noted after 62.5 ± 9.3 days. Donor site complications including graft rejection, graft failure, tendon exposure or surgical revision were not seen in any of the patients. At the 12-month evaluation, the covered defects for the patients followed (n = 21) showed a healing outcome without signs of complication ( Fig. 5) .
However, six patients (26.1%) reported an extended wound therapy over a time period of 8 weeks including regular (weekly) presentation at the clinic ( Table 2 ). Four (17.4%) of these six patients showed a putrid infection at the donor site and were treated with local antiseptics and oral antibiotics (amoxicillin/clavulanic acid 2 g/day for 7 days). One patient (4.3%) developed a seroma ( Fig. 6) , which was punctured, and one (4.3%) patient showed moderate inflammation at the wound edges. Defect closure could be finally achieved by conservative treatment. No graft loss was noted.
Aesthetic/functional outcome (clinicianand patient-based) Table 3 shows the subjective aesthetic and functional findings evaluated at the 12-month evaluation in detail. There was an excellent inter-rater reliability (ICC 0.977) allowing to summarise the data of both observers with one overall number [33, Table 2 Clinical outcome of RFFF defect covered using amniotic membrane RFFF-covered with amniotic membrane: n = 23
Healing uneventful 17 (74%) Prolonged healing 6 (26%) Infection: 4 (17.4%) Seroma: 1 (4.3%) Border Inflammation: 1 (4.3%) Duration of healing: 62.5 ± 9.3 days 34]. For patients followed (n = 21), the modified Vancouver scar scale (VSS) evaluated at the 12-month follow-up showed scores of 3.74 ± 2.18 for the defect area. Figure 7 shows the overall as well as detailed data for the 4 subgroups evaluated for VSS.
Considering the individual criteria, scar pliability of the tissue showed the least favourable results (area 1.65 ± 0.64, [range 1-3]. Next to this, scar vascularity showed average results of 1.13 ± 0.86 (range 0-3) for VSS on defect area. However, all scars were of flat height (VSS: mean 0.29 ± 0.56; range 0-2) being in line with the absence of any hypertrophic scarring and keloid formation (Fig. 7) .
The covered radial defect did not show any signs of sensibility within a two-point discrimination test for a distance of < 30 mm evaluated.
At the 12-month evaluation, hand/wrist functionality of any of the patients evaluated showed a limitation in excess of 10°compared with the healthy (non-operated) control side, and patients did not complain about any problems using the respective hand in daily activities. Differences between preoperative and postoperative values for palmar, dorsal flexion, as well as for pro-and supination were within the 10°range. Table 3 shows the detailed differences between pre-and postoperative goniometer measurements for palmar and dorsal flexion as well as for pronation and supination for the operated and non-operated arm at the 12-month follow-up.
Grip strength measured on the operated arm reached the maximum value of 1.67 ± 0.86 (range 1.0-4.0) in all patients and showed no limitations as compared with the non-operated side. Measurement (2PD) of thumb sensibility showing significantly more hypaesthesia (16/21 [76. 2%]) than normaesthesia (5/21[23.8%]) was noted for the thumb (Table 3) .
Patients' subjective evaluation of the aesthetic and functional outcome as assessed by patients' self-estimation at the 12-month follow up can be seen in Table 4 . There were significant correlations between the objective clinician-assessed VSS (Spearman rank correlation 0.446; p = 0.043) and the patients' subjective aesthetic score (Fig. 8) .
Results of the multivariate analysis evaluating factors affecting VSS scoring are shown in Table 5 . There was a positive correlation between body mass index (BMI) and the VSS values evaluated (beta 0.946; p = 0.012) representing a deterioration of the aesthetic outcome (higher VSS values) in obese patients. However, patient age, gender, smoking habits, diabetes, and consumption of toxic nutrients did not affect VSS in the region. In contrast, for patients with cardiovascular disease using an antihypertensive therapy, the VSS obtained showed a significantly inverse correlation (beta − 0.710; p = 0.041) and better clinical findings (reduced VSS values). Fig. 3 Epithelial migration over the amniotic membrane graft from the normal skin towards the center of the donor site defect-3 weeks after application Fig. 4 Epithelial migration over the amniotic membrane graft from the normal skin towards the center of the donor site defect-6 weeks after application 
Discussion
The radial forearm free flap (RFFF) represents a reliable flap for plastic and reconstructive surgery as well as for soft tissue reconstruction following ablative maxillofacial tumour resection [1] [2] [3] . Although the primary postoperative concerns focus on reconstruction site repair, the associated forearm tissue defect has gained intensive interest after RFFF harvesting [4-6, 8, 10] . When considering coverage of the radial forearm defect, several attempts have been made to minimize functional and aesthetic morbidity and the complication rate and, consequently, optimize clinical outcome [8, 10, 13, 14] . Thus, direct closure, local flaps and different skin grafts (split or full thickness) as well as allogenic grafts have been described for defect closure with varying success rates including minor and major disadvantages and drawbacks [8, 10, 11, 13, 16, 18] .
In addition to the currently recognized methods, the present study reports on the clinical, aesthetic and functional outcomes when using an amniotic membrane for covering the radial donor defect. Although the successful use of amniotic membrane, i.e. for vestibuloplasty or for covering oral defects, has been as described in separate studies by Kesting et al. [27] and Keerthi et al. [29] , detailed reports of the use of amniotic membrane for radial forearm defect closure are still lacking in the scientific literature.
Considering the clinical results for tissue regeneration after amniotic membrane application seen for the present study, this effect may be explained as a result of the immunological characteristics of the amniotic membrane [31, [38] [39] [40] [41] [42] [43] . Stromal and epithelial amnion regions serve as a reservoir of epidermal and fibroblast growth factors and cytokines modulating inflammation and enhancing the healing process [38, 43] . According to Reilly et al. [41] , the amniotic membrane also shows antimicrobial, antifibrotic and antiscarring properties for ensuring a successful tissue regeneration and wound healing process [31, 41] . AM has been reported to be a promoter of epithelialisation and represents a non-tumourigenic tissue without ethical problems or concerns for its use [43] . In the present study, no graft rejection and inflammation-free healing was seen, which may be attributed to the fact that the amniotic membrane also includes antigenic structures and immune modulators like HLA-G und Fas ligands reflecting no immunological reaction of the host [28, 39, 42, 43] .
The application of amniotic membrane on a wound bed prevents desiccation and excessive fluid loss and also provides for an analgesic effect by protecting exposed nerve endings from the environment [44] . Additionally, amniotic membrane also disposes of antiphlogistic properties and has been shown to produce human-beta-3-defensin [45] . These peptides are implicated in the resistance of epithelial surfaces to microbial colonization and have been shown to be upregulated in the inflamed amnion [46] . In obvious contrast, downregulation of certain tissue growth factors by mesenchymal hyaluronic acid leads to reduced cicatrisation which may explain the beneficial effect of amnion on scar formation and may be the reason why foetal wound healing is essentially scarless [32, 39] .
However, in contrast to data reported on defect epithelialisation with the use of (full or partial) skin grafts as coverage materials, the present findings for the use of AM showed a significantly longer healing period for achieving full defect epithelialisation [25, 47] . This prolonged healing time is consistent with the solitary use of allografts (AlloDerm) as reported by Ho et al. [12] and Wax et al. [22] also demonstrating a time-dependent influence on defect epithelialisation with the beginning of migration from the graft borders to the central area [12, 22] .
Interestingly, in the present study a statistically significant correlation between the objective clinician-based aesthetic VSS and the subjective patient-based aesthetic scoring variables could be found. Although the subjectively evaluated VSS scores were always within the range of rating of previous findings [35] , generally, more beneficial values were seen in detail for all subgroups evaluated for the use of AM in the present study. The significant correlation found between subjective and objective variables evaluated is in contrast to previous findings of de Witt et al. [48] and Wirthmann et al. [35] in separate studies. The findings of the studies of de Witt et al. [48] and Wirthmann et al. [35] show a higher dissatisfaction score for female than for male patients regardless of the type of defect coverage used. This gender effect on the aesthetic outcomes evaluated could not be confirmed in the present study which showed no differences between males and females for the VSS results evaluated. The predominantly male population of the study cohort and the high satisfaction scoring of male patients may be attributed to the high subjective and objective success and satisfaction scoring and consequently also for the significant correlation found.
The overall high success and satisfaction score may preferably be attributed to the complication-free clinical wound healing process and to achievement of unrestricted functionality and aesthetic parameters such as vascularity and pigmentation with high evaluation score rating [45, 46] . As regards functionality, the present study showed favourable functional outcomes with no limitations in grip strength or wrist movement at the donor site. These findings may be attributed to both the suprafascial dissection technique used for flap harvesting and the tissue properties of the amniotic membrane coverage used [42, 49] . The beneficial effects of using the suprafascial dissection technique as compared with the infrafascial one with regard to tendon adhesion and sensory nerve damage at the donor site had already been reported for the study of Kamal et al. [49] . In addition, the amniotic membrane coverage used provides for a beneficial effect creating a gliding surface between the underlying structures, e.g. paratenon or nerves, with no resultant adhesion between tendons and covering tissue. The beneficial effect of the amniotic membrane epithelium is also responsible Fig. 8 Correlations between the objective clinical-assessed VSS and the patients' subjective aesthetic score for other positive results seen with none of the patients included reporting tendon adhesions, nerve irritations, pain, or describing a significant loss in the range of motion of the wrist and hand [42, 43, 49, 50] . Interestingly, evaluation of the factors affecting the objective aesthetic outcome revealed a significant impact of the body mass index and of the use of antihypertensive medications in patients with cardiovascular disease. The influence of body mass index is consistent with previous findings of Butzelaar et al. [51] and Kim et al. [52] reporting a negative effect on the wound and scar healing process in obese patients [51, 52] . This may be explained by the fact that overweight is associated with a prolonged inflammatory phase during wound healing [53] . Prolongation of the inflammatory phase in overweight patients could cause prolonged secretion of proinflammatory and profibrotic cytokines allowing for more time and providing additional stimuli for depositing collagen into the wound bed.
In addition, the use of antihypertensive agents as ACE inhibitors and angiotensin II inhibitors has already been reported to reduce hypertrophic scar formation. According to Rodergs et al. [54, 55] , angtiotensin II exerts proinflammatory effects by increasing influx of leucocytes into the wound and is also considered a profibrotic agent, since it stimulates collagen synthesis, angiogenesis and keratocyte proliferation. Therefore, the use of antihypertensive medication such as ACE inhibitors-as in the present study-might be attributed a beneficial effect on the aesthetic outcome measured.
In conclusion and for clinical relevance-within the limitations of the present study such as the small sample size and the need for using second-stage surgery-the data reported clearly show that defect coverage of the donor site after RFFF elevation can be successfully achieved with the use of amniotic membrane providing for stable and satisfactory longterm aesthetic and functional results. 
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